Abstract Thirty-two barley cultivars grown in Spain, 18 of the two-row type and 14 of the six-row type, were screened for plant regeneration from cultured immature embryos. Although there was much variation in regeneration capacity among the cultivars, plants were obtained from all cultivars except Almunia. No statistical differences were found in the percentage of regeneration between two-and six-row types. The influence of the auxins 2,4-dichlorophenoxyacetic acid, dicamba, and picloram on the induction and maintenance of embryogenesis and regeneration capacity after 3-4 months in culture, were evaluated for cultivars Cobra, Hop and Reinette. Hop had the highest rates of maintenance of embryogenic capacity and plant regeneration. The medium containing dicamba gave the best embryogenic callus induction, maintenance and regeneration. Five regeneration media, differing in growth regulators and micronutrient composition, as well as partial desiccation of the calli before regeneration, were tested. The regeneration medium containing 10 µM copper sulfate gave the best results. Regeneration frequencies after 3-4 months in culture of cultivar Hop were raised from 59.5 to 93.7% in this medium. Silver nitrate and partial desiccation of the calli also enhanced plant regeneration, but the medium containing 10 µM of silver nitrate reduced root formation.
Introduction
Plant regeneration by somatic embryogenesis has been obtained in barley from a variety of explants (Hanzel et al. 1985; Lührs and Lörz 1987; Barceló et al. 1991; Rikiiski and Yasuda 1994) . Genotype, and the rate of growth and morphology of the embryogenic callus were found to be the most important factors affecting embryogenic callus induction and regeneration (Hanzel et al. 1985; Lührs and Lörz 1987; Bregitzer 1992) . The composition of the medium, including growth regulators, is another important factor influencing culture initiation and regeneration of gramineous species. The auxin 2,4-dichlorophenoxyacetic acid (2,4-D), by itself or in combination with cytokinins, has been widely used to enhance callus induction and maintenance (Ziauddin and Kasha 1990) . However, it has been reported that this auxin can generate chromosome alterations (Karp 1994) leading to the loss of regeneration capacity. Other strong auxins such as dicamba and picloram have been used as alternatives (Conger et al. 1983; Pedrosa and Vasil 1996) . The transfer of embryogenic callus to a medium with reduced auxin concentration or without auxin results in the maturation of somatic embryos and regeneration of plants. Addition of certain cytokinins to the regeneration medium can improve plant regeneration. During recent years, attention has been given to the concentration of micronutrients in the culture medium, such as Ag + , Co 2+ , Ni 2+ (inhibitors of ethylene), Zn 2+ , and Cu 2+ . Increased levels of these ions in the medium significantly improved somatic embryogenesis and shoot regeneration in wheat (Purnhauser et al. 1987) , barley (Dahleen 1995) , rape (De Block et al. 1989) , and carrot (Roustan et al. 1989) . Partial desiccation of callus has also been reported to enhance somatic embryo differentiation and development in various crops, including wheat (Carman 1988) , and rice (Tsukahara and Hirosawa 1992; Rance et al. 1994) .
To establish a suitable transformation system for barley cultivars grown in Spain, we have evaluated the capacity of 32 cultivars for plant regeneration from cultured immature embryos. None of the cultivars used in this study have been evaluated previously for plant regeneration using immature embryos as explants. We have also assayed the influence of different compounds which have auxin-like activity on the induction and maintenance of embryogenic calli of three barley cultivars. The effects of applying some cytokinins for a short time, or increasing the level of some micronutrients in the regeneration medium, were tested. The effect of partial desiccation of the callus before plating for regeneration was also studied.
Materials and methods
Plants were grown in the greenhouse or in growth chambers. After 4 weeks vernalization at 4°C in an 8-h light photoperiod at 100 µE m -2 s -2 , plants were transferred to the greenhouse or to growth chambers at 12/10°C day/night temperature and a 12 h photoperiod at 500 µE m -2 s -2 , for 1 month. Afterwards, the temperature was increased to 21/18°C day/night at a 16-h photoperiod at 500 µE m -2 s -2 . Plants were given a commercial N : P : K fertilizer once every 2 weeks. Caryopses were harvested 12-15 days after pollination and embryos were cultured (scutellum up) on an induction medium based on CC medium (Potrykus et al. 1979 ) with B5 vitamins (Gamborg et al. 1968) , 30 g/l maltose, 250 mg/l myo-inositol, 1 g/l casein hydrolysate, and 8 g/l agarose Sea Plaque (FMC) or 3 g/l Gelrite. Three experiments were carried out as described below.
Screening embryogenesis and regeneration capacity of cultivars Thirty-two barley cultivars, 18 of the two-row type and 14 of the sixrow type, were grown in a greenhouse. Most of the cultivars are of European origin, and all of them are adapted to Spanish environments. Coleoptile and coleorhiza areas were removed from the immature embryos (1-2 mm) before plating on CC induction medium with 9.0 µM 2,4-D and 8 g/l agarose. After 1 month in culture, calli were transferred to the same medium without 2,4-D or with 2.8 µM IAA and 4.4 µM BAP for regeneration. Ten embryos were harvested from each spike and plated in a Petri dish. About 100 embryos were cultured from each genotype (ten dishes/genotype).
Influence of auxin on embryogenesis and regeneration
The cultivars Cobra, Hop, and Reinette were grown in growth chambers. Immature embryos (0.7-1.3 mm) were removed from the spikes and cultured on CC induction medium with 3 g/l Gelrite and one of the following auxins: 2,4-D (9.0 µM), dicamba (9.0 µM), or picloram (8.3 µM). Embryogenic calli were transferred to fresh induction medium every 3-4 weeks and were plated for regeneration after 3-4 months. The regeneration medium was the same as the induction medium without auxin. Immature embryos of each genotype harvested the same day were pooled and plated randomly on the different media.
Regeneration media for embryogenic calli
A total of 1300 immature embryos of cultivar Hop were cultured on modified CC medium with 9.0 µM dicamba (induction medium). Maintenance of embryogenic calli was done as described above. Embryogenic calli, obtained after 3-4 months, were plated for regeneration. Five different regeneration media and partial desiccation of the callus were assayed: control: CC medium without growth regulators; medium 1: CC medium with 11.1 µM benzylaminopurine (BAP); medium 2: CC medium with 4.5 µM thidiazuron (TDZ); medium 3: CC medium with 10.0 µM silver nitrate; medium 4: CC medium with 10.0 µM copper sulfate; desiccation: calli were partially desiccated by transfer to an empty Petri dish containing one sterile disk of Whatman 3M paper and left in a hood for 4 h and 30 min (average of 36% of water content loss) before plating on control medium.
Calli plated on media 1 and 2 were transferred to the control medium after 1 week. About 800 embryogenic calli were randomly selected for regeneration treatments (130 calli/treatment). For all experiments, embryogenic calli were grown in the dark during the induction process and in the light for regeneration, at 24 ±2°C, in a 16-h photoperiod at 200 µE m -2 s -2 . Plants with a well-developed root system were transferred directly to the soil, while plants without roots were subcultured in Magenta boxes with half-strength Murashige and Skoog (1962) medium containing 10.7 µM naphtaleneacetic acid (NAA). A total of 200 plants from each experiment were grown to maturity in the greenhouse.
The variables percentage of embryogenic callus (number of embryogenic calli/number of embryos plated×100; EC1 or EC3 after 1 and 3-4 months, respectively), percentage of callus regeneration (number of regenerable calli/number of embryogenic calli×100; RC/EC), and percentage of regeneration (number of regenerable calli/number of embryos×100; RC/EMB), were measured per Petri dish. Analysis of these variables was carried out using the FREQ procedure of SAS (SAS Institute, Cary, N.C., 1988) . The variables number of total plants/callus (TPLC) and number of whole plants/callus, with a well-developed root system, obtained directly in regeneration medium (WPLC) were transformed [sqrt (x + 0.5)], and analysis of variance were carried out using the GLM procedure of SAS. Means separation were tested by the Duncan method.
Results

Screening embryogenesis and regeneration capacity of cultivars
The percentage of callus formation was almost 100% in all the cultivars (data not shown). Large variation was seen among cultivars for percentage of regeneration (RC/EMB) and number of total plants/callus (TPLC) (Fig. 1) . Of the six-row type cultivars, Hop, followed by Dobla and Criter, produced the highest percentage of regeneration with 77, 67 and 62%, respectively. The best two-row type cultivars were Reinette with 64% and Mogador with 49%. Cultivars Soledad, Begoña, Tatiana, and Almunia (six-row) and Beka (two-row) had percentages of regeneration less than 10%. Plants were obtained from all cultivars, excluding Almunia. From most of them, two to three plants/callus were produced. More than four plants/callus were regenerated from Gerbel and Hop (six-row) and Iranis (tworow). No statistically significant differences in percentage of regeneration between two-and six-row types were found, with 32 and 28%, respectively. Nevertheless, there was higher variation for this variable among six-row than two-row types. Cultivars Hop, Dobla and Criter produced a higher percentage of regeneration than any of the tworow type, while 9 cultivars (Steptoe and cultivars to its right in Fig. 1 ) gave lower percentages than all the tworow type (except Beka).
A total of 2901 green plants were regenerated. In order to analyze heritable stable somaclonal variation for agronomic characters, seeds from 200 plants from different cultivars were sown and grown in the field to maturity. All the plants were morphologically normal.
Influence of auxin on embryogenesis and regeneration
The number of embryos plated on induction medium from each cultivar varied from 135 to 210. Embryogenic callus ranged from compact, nodular and yellowish to friable, finely divided and white, depending on the cultivar and the auxin used. Embryogenic calli from Reinette were more compact and nodular than calli from Hop and Cobra. Although the percentage of embryogenic callus induction (EC1) was quite similar for the three cultivars, the percentages of embryogenic callus after 3-4 months (EC3) were different (Table 1) . Cultivar Hop showed the best maintenance of embryogenic capacity, with an average of 53.7% (averaged over the type of auxin). For the three genotypes, the greatest embryogenic callus induction and maintenance were obtained in medium containing dicamba, and the lowest in medium with picloram. Up to 71.5% of calli from cultivar Hop were embryogenic after 4 months in medium with dicamba, and 59.4% from cultivar Reinette. Some germination of somatic embryos and/or organogenesis was seen in maintenance media containing 2,4-D or picloram, while no morphogenesis was observed in medium with dicamba.
Regeneration capacity was also influenced by the genotype and the auxin used. Cultivar Hop had the highest percentage of callus regeneration (RC/EC3), independently of the auxin. Considering the variable, percentage of regeneration (RC/EMB), the best auxin for cultivars Cobra and Reinette was dicamba. No differences for this variable were found for Hop between media containing dicamba and 2,4-D. Assaying over the three cultivars, dicamba seems to be the best. No differences in total number of plants/callus (TPLC), among the three auxins, were seen for Hop and Cobra, with an average of seven. Nevertheless, for Reinette, more plants were regenerated from callus maintained in picloram than in dicamba or 2,4-D. No albino plants were obtained in any of the media assayed from any of the genotypes even after 6 months in culture. Plants transferred to soil set seeds.
Regeneration media for embryogenic calli About 68% of calli from cultivar Hop remained embryogenic after 3-4 months. To determine the concentration of TDZ useful for barley, 20 embryogenic calli were plated in regeneration medium containing 4.5 and 9.0 µM of TDZ. Calli cultured in medium with 9.0 µM were necrotic while calli in 4.5 µM remained healthy. Statistical analysis showed that there were significant differences among media for percentage of callus regeneration and number of total plants/callus. The results from the desiccation treatment and all media assayed, except that containing TDZ, were better than the control (Table 2) . A regeneration rate of 59.5% was obtained with control medium, whereas it was up to 93.7 and 92.1 in copper sulfate and silver nitrate media, respectively. The number of total plants/callus in copper sulfate medium and from partially desiccated calli was higher than in the control, whereas callus cultured in medium with TDZ regenerated fewer plants than the control. The number of whole plants/callus (WPLC) was similar for control, copper sulfate, BAP media and desiccated calli, being half of the total number of plants. However, 65% of the plants recovered from silver nitrate medium had to go through a rooting phase, and this delayed flowering.
Discussion
Marked genotypic variation has been reported in embryogenic callus induction and plant regeneration for barley cultivars adapted to central Europe and North America (Hanzel et al. 1985; Lührs and Lörz 1987; Bregitzer 1992; Baillie et al. 1993) . We have obtained similar results with cultivars grown in Spain. It has been demonstrated that the rate of callus induction and regeneration ability from barley are two independent processes which are controlled by independent genetic systems (Komatsuda et al. 1989 ). Molecular and biochemical marker studies have confirmed these results (Stirn et al. 1995) . Heritability estimated for these two traits showed high values, indicating that it should be possible to breed them by selection (Komatsuda et al. 1989) .
Modified CC basal medium seemed to be very effective for the barley cultivars used in this study, since an average of 30% of the calli from all the cultivars regenerated. Only cultivar Almunia was recalcitrant in this medium. From all the genotypes tested, Hop seemed to be the best for regeneration. We did not find statistical differences for regeneration after 1 month or for the number of plants/embryo, between two-and six-row-type cultivars. This is in agreement with the results obtained by Rikiiski and Yasuda (1994) with 132 cultivars taken from a worldwide collection. However, Hanzel et al. (1985) claimed that two-rowtype cultivars were more amenable to tissue culture than six-row types.
In barley, the efficiency of auxins for the induction of embryogenic calli and regeneration after short periods in culture (3-4 weeks) has been assessed by several authors (Lührs and Lörz 1987; Baillie et al. 1993) . However, for transformation, maintenance of embryogenic calli for 2-3 months in culture, in the presence of a selective agent, is necessary to achieve efficient selection of transgenic material. In our study, differences for induction of embryogenic calli were found between dicamba, 2,4-D, and picloram. Maintenance of embryogenic calli over a 16-week period was better in media with dicamba when the results of three genotypes were considered together. These results are in agreement with those obtained for other species, demonstrating the utility of using herbicides with auxinlike properties. Dicamba gave good results in orchardgrass (Conger et al. 1983) , maize (Duncan et al. 1985) , and rye (Zimny and Lörz 1989) . Another herbicide with auxin-like properties, picloram, has proven to be very effective for maintenance of embryogenic calli and plant regeneration for long periods (up to 4 years) in culture (Pedrosa and Vasil 1996) .
Micronutrients such as Ag + , which inhibit ethylene action, significantly improved shoot regeneration in wheat, Nicotiana plumbaginifolia (Purnhauser et al. 1987) , and rape (De Block et al. 1989) . In maize, addition of AgNO 3 to the medium enhanced the regeneration capacity of type I callus (Songstand et al. 1988) . In this study, AgNO 3 improved the percentage of regeneration but reduced rooting and so more than 65% of the plants obtained in this medium had to go through a rooting phase. We also observed vitrification of some plants in medium with increased levels of Ag + . None of these two effects were observed in medium containing 10 µM Cu 2+ where the percentage of regeneration of callus from cultivar Hop was raised to 93.7%. Our results are in agreement with the enhanced regeneration reported previously in barley by the introduction of 5 µM Cu 2+ in the induction, maintenance, and regeneration media (Dahleen 1995) . Similar results have been obtained in wheat and triticale, including enhancement of root formation. Nevertheless, 0.1-100 µM CuSO 4 inhibited regeneration in rape (Purnhauser and Gyulai 1993) . These studies suggest that copper levels in Murashige and Skoog and CC medium are not optimal for regeneration of some species. The role of copper in regeneration is not well understood. Since Cu 2+ is a component or activator of many important enzymes involved in electron transport, protein and carbohydrate biosynthesis, it has been suggested that these enzymes might play a role in plant regeneration (Purnhauser and Gyulai 1993) .
Enhancement of plant regeneration with desiccation pretreatment of the calli has been reported in both Indica (Rance et al. 1994) and Japonica rice (Tsukahara and Hirosawa 1992) . Although different methodologies have been used in these studies, the highest regeneration was obtained when the water content loss was 40%. In this study, desiccation pretreatment of the calli (36% of fresh weight lost) also improved callus regeneration of cultivar Hop from 59.5 to 81.5%. An increase in osmolarity of the growth medium with sucrose or mannitol stimulated regeneration in rice callus (Higuchi and Maeda 1991) . The mechanism underlying this enhancement of regeneration is not clear but it is thought to be mediated by an increase in the endogenous level of abscisic acid (ABA) (Higuchi and Maeda 1990) . However, other factors may also play an important role since it has been suggested by Grossi et al. (1995) that genes which are rapidly induced by dehydration and are either ABA independent or triggered by small variations in ABA content are involved in the molecular response of barley to drought.
